Human cytomegalovirus (CMV) encodes a gene, UL114, whose product is homologous to the uracil DNA glycosylase and is highly conserved in all herpesviruses. This DNA repair enzyme excises uracil residues in DNA that result from the misincorporation of dUTP or spontaneous deamination of cytosine. We constructed a recombinant virus, RC2620, that contains a large deletion in the UL114 open reading frame and carries a 1.2-kb insert containing the Escherichia coli gpt gene. RC2620 retains the capacity to replicate in primary human fibroblasts and reaches titers that are similar to those produced by the parent virus but exhibits a significantly longer replication cycle. Although the rate of expression of ␣ and ␤ gene products appears to be unaffected by the mutation, DNA synthesis fails to proceed normally. Once initiated, DNA synthesis in mutant virus-infected cells proceeds at the same rate as with wild-type virus, but initiation is delayed by 48 h. The mutant virus also exhibits two predicted phenotypes: (i) hypersensitivity to the nucleoside analog 5-bromodeoxyuridine and (ii) retention of more uracil residues in genomic DNA than the parental virus. Together, these data suggest UL114 is required for the proper excision of uracil residues from viral DNA but in addition plays some role in establishing the correct temporal progression of DNA synthesis and viral replication. Although such involvement has not been previously observed in herpesviruses, a requirement for uracil DNA glycosylase in DNA replication has been observed in poxviruses.
Uracil DNA glycosylase (UDG) is the first enzyme in the DNA repair pathway that removes incorporated uracil residues from DNA. Almost all organisms possess this enzyme as part of a system to repair damage from the spontaneous deamination of cytosine or from the misincorporation of dUTP by the DNA polymerase (14, 55, 56) . UDG catalyzes the first step of a base excision repair pathway by hydrolyzing the Nglycosyl bond between uracil and the deoxyribose moiety in the DNA molecule. The remaining deoxyribose residue is removed by a 5Ј-acting (apyrimidinic/apurinic) endonuclease and a deoxyribophosphodiesterase, and then the gap is repaired by the sequential action of DNA polymerase and DNA ligase (1, 17-19, 44, 46, 47) .
In mammalian cells, UDG activity has been shown to be associated with the DNA replication fork and with DNA polymerase ␣ (13, 45) . At least three different proteins with UDG activity have been identified. The major human UDG was first characterized in 1989 (34) and was subsequently shown to be the source of 98% of UDG activity in human cells (48) . The precursor for both the nuclear and mitochondrial forms of UDG is synthesized as a 38-kDa pre-UDG protein. This form is converted into the mature 27.5-kDa form by the proteolytic release of a 77-amino-acid segment from the amino terminus. The mature form of the enzyme is translocated either before or after this cleavage to the mitochondria and the nucleus, where most of the UDG activity resides (49) . In addition to this major form of UDG, two other proteins have been reported to possess UDG activity. The 37-kDa subunit of glyceral-dehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) has been shown to possess UDG activity (23, 24, 50) , in addition to being an essential enzyme in glycolysis. GAPDH localizes to nuclei and is a major single-stranded DNA-binding protein in mammalian cells (58) . GAPDH is also a helix destabilizing protein and affects the activity of the DNA polymerase ␣-primase complex, suggesting that it may play a role in the initiation of DNA synthesis (9) . The cDNA for a cyclin-related protein with UDG activity has been isolated, although its function in the cell is unclear (32, 33) .
Large DNA viruses also encode UDGs that apparently duplicate the activity of cellular enzymes. Poxviruses replicate in the cytoplasm and encode all replication and transcription components, including UDG (30) . Experiments with recombinant vaccinia viruses and temperature-sensitive mutants demonstrated an essential role for this enzyme in DNA replication (25, 52) . Strictly on the basis of sequence homology, UDG has been identified in all vertebrate herpesviruses, and cDNAs have been isolated for both herpes simplex virus type 2 (HSV-2) (3, 57) and human herpesvirus 6 (43) . The 32-kDa HSV-2 UDG, which is expressed with ␤ (delayed early) kinetics, has been shown to be biochemically distinct from the cellular UDG (56) . This enzyme is dispensable for HSV-1 DNA replication in immortalized cell lines (31) ; however, it has been shown to be required for efficient virus reactivation and latency in the murine nervous system (40) . Mutant HSV-1 has been shown to accumulate more mutations as a result of a defect in DNA repair (41) .
Cytomegalovirus (CMV) encodes a DNA polymerase, polymerase accessory protein, single-stranded DNA-binding protein, helicase-primase complex, and six other loci that have been shown to be essential for the origin-dependent replication in a transient cotransfection assay (35, 36) . CMV also encodes a homolog of dUTPase and UDG that could poten-tially affect the integrity of viral DNA (4). These gene products presumably act to minimize the utilization of uracil residues in the viral genome. The presence of dUTPase activity could benefit the virus by lowering intracellular pools of dUTP that might be misincorporated into viral DNA; however, the product of the UL72 open reading frame, which exhibits similarity with dUTPase (4), does not have significant homology to the active sites of other known dUTPases (33a) and thus probably does not possess dUTPase activity. In contrast, the CMV UDG is 39 and 40% identical at the amino acid level to the major human UDG and the HSV-2 UDG, respectively, and the regions of identity cluster around the active site of the enzyme (28, 44) .
To define the function of the UDG in CMV infection, a recombinant virus with a deletion in UL114 was constructed by using a system recently developed in our laboratory (5, 8, 54) . We demonstrate that while the UDG is dispensable for growth in primary fibroblasts, it is defective in the correct temporal progression of DNA synthesis.
MATERIALS AND METHODS

Cells and virus.
Primary human foreskin fibroblasts (HFFs), used between passages 4 and 20, were grown in monolayer cultures in Dulbecco's modified Eagle medium (DMEM) supplemented with 100 Units of penicillin G per ml, 100 g of streptomycin sulfate per ml, 0.58 mg of L-arginine per ml, 1.08 mg of L-glutamine per ml, 180 g of L-asparagine per ml, and 10% NuSerum (Collaborative Research, Waltham, Mass.). Parental virus (AD169) was obtained from the American Type Culture Collection; virus stocks were obtained and titers were determined as described previously (51) . Genomic coordinates of open reading frames were described previously (4) .
Plasmids. Plasmid pON860 contained the Escherichia coli gpt gene driven by the Rous sarcoma virus long terminal repeat and contained polyadenylation signals from simian virus 40 (54) . A 3,242-bp SalI fragment of AD169 genomic DNA corresponding to coordinates 161832 to 165074 was excised from pCM1058 (6) and inserted in pUC6s at a unique SalI site to yield pON2619. A 1.2-kb BamHI-NcoI fragment containing the gpt gene from pON860 was inserted into pON2619 between the unique BamHI and NcoI sites (corresponding to AD169 genomic coordinates 163618 and 162990, respectively) to yield pON2620.
Construction of recombinant virus. HFFs were split 24 h prior to electroporation. Approximately 5 ϫ 10 6 HFFs were harvested with trypsin, washed with 25 ml of phosphate-buffered saline (PBS), and pelleted at 1,000 ϫ g for 5 min. The cells were resuspended in 475 l of Opti-MEM (Gibco-BRL, Gaithersburg, Md.). pON2620 (20 g) was linearized with SalI, purified by phenol-chloroform extraction, precipitated with ethanol, and resuspended in 25 l of Tris-EDTA (TE). Linearized DNA was mixed with the cell suspension and transfected into the HFFs by electroporation in a 0.4-cm cuvette with a capacitance of 960 F at 220 V with a resulting time constant of 20 ms. The transfected cells were seeded into a six-well cluster dish and incubated for 24 h in a humidified incubator with 5% CO 2 at 37ЊC. The monolayers were inoculated with CMV at a multiplicity of infection (MOI) of 5 PFU per cell for 1 h; the cells were then rinsed with PBS, and new medium was added. Infected monolayers were lysed by freezing at 5 days postinfection (dpi) and used to infect a six-well dish of freshly seeded HFFs in the presence of mycophenolic acid (30 g/ml) and xanthine (5 g/ml). The progeny virus that replicated under these selective conditions was isolated by plaque purification on HFFs in 96-well plates. Two independent recombinants, RC2620.1 and RC2620.2, were isolated, and the predicted structures of their genomes were confirmed by Southern blot hybridization. These isolates were plaque purified three more times under selective conditions. Viral DNA. Supernatants from infected monolayers were centrifuged at 1,000 ϫ g for 5 min to pellet debris. Virions in the supernatant from a six-well dish were sedimented by centrifugation for 15 min at 12,000 ϫ g in a microcentrifuge. For larger preparations of virions, the supernatants of 175-cm 2 cultures were pelleted for 30 min at 20,000 ϫ g in a Beckman JA-14 rotor, washed in 800 l of PBS, and repelleted at 12,000 ϫ g in a microcentrifuge. Virion pellets from both methods were resuspended in 400 l of TE containing 1% sodium dodecyl sulfate (SDS) with 20 l of a 10-mg/ml solution of proteinase K and incubated at 65ЊC for 2 h. To each tube was added 400 l of phenol equilibrated with TE buffer (pH 7.8) and approximately 100 l of Phase-lock gel (5 Prime33 Prime, Boulder, Colo.). The tubes were gently agitated to form an emulsion and were centrifuged at 12,000 ϫ g for 10 min. The aqueous phase was extracted with chloroform and precipitated with ethanol.
DNA blots. Viral DNA fragments were run on 0.6% agarose gels for 18 h at 0.5 V/cm. Gel were soaked in 0.25 M HCl for 10 min to partially depurinate the DNA and equilibrated for 5 min in an alkaline DNA transfer solution containing 0.4 M NaOH and 1.5 M NaCl. DNA fragments were transferred with alkaline DNA transfer solution by capillary action to Hybridon Nϩ nylon membranes (Amersham International, Amersham, England) for 3 to 12 h. Nylon membranes containing the covalently bound DNA were rinsed in 300 mM NaCl-20 mM NaH 2 PO 4 ⅐ H 2 O-2 mM EDTA (2ϫ SSPE) (42) and hybridized immediately or stored at 4ЊC in 2ϫ SSPE. The hybridization buffer contained 6ϫ SSPE, 1% DNA blocking buffer (Boehringer Mannheim, Indianapolis, Ind.), 1% SDS, 5ϫ Denhardt's solution, and 15% deionized formamide (42, 51) . Membranes were prehybridized for 1 h at 68ЊC, and the denatured DNA probe was added to the hybridization buffer and allowed to hybridize at 68ЊC overnight. DNA probes were labeled with 11-digoxygenin (DIG)-dUTP, using a random priming protocol suggested by the manufacturer (Boehringer Mannheim). Bound DIG-labeled probes were detected with an anti-DIG antibody conjugated to alkaline phosphatase and developed as recommended by the manufacturer with a chemiluminescent substrate for the enzyme.
Growth curves. Triplicate monolayers of HFFs in six-well cluster dishes were infected at an MOI 5 PFU per cell with either RC2620.1, RC2620.2, or the parental virus, AD169. For harvest, the infected monolayers were frozen and stored at Ϫ80ЊC. Frozen dishes were thawed at 37ЊC, and the titer of a 100-l sample from each well was determined on 96-well plates as described previously (38) . At 8 dpi, the monolayers infected with the parental virus were rinsed with PBS, fixed for 5 min in 95% ethanol, and stained with Giemsa stain.
DNA synthesis kinetics. Confluent monolayers of HFFs in six-well cluster dishes were infected at an MOI of 5 PFU per cell either with the parental virus, AD169, or with RC2620.1. At 24, 48, 72, 96, 120, 144, and 168 h postinfection (hpi), the infected monolayers were washed with PBS and scraped into 500 l of PBS. The cell suspensions were centrifuged at 1,000 ϫ g in a microcentrifuge for 5 min. The cells were resuspended in 400 l of TE containing 1% SDS and 200 g of proteinase K, vortexed, and incubated at 65ЊC for 18 h. DNA was then purified by phenol-chloroform extraction and precipitated with ethanol.
To quantify the viral DNA, 200 l of a denaturing solution containing 0.4 M NaOH and 1.5 M NaCl was added to each well of a 96-well plate. A 20-l aliquot of each DNA sample, including a sample of AD169 DNA at a known concentration, was added to the first row of wells on the plate. For each sample, threefold serial dilutions were performed with a multichannel pipetter. A 150-l aliquot from each well was aspirated through a Hybridon Nϩ membrane in a dot blot manifold. The membrane containing the covalently bound DNA was rinsed in 2ϫ SSPE, hybridized, and developed with the same conditions as used in the DNA blot hybridization protocol described above. The membrane was probed with a DIG-labeled plasmid (pON2120) containing the viral ie1/ie2 promoter/ enhancer sequences corresponding to coordinates 173560 to 176218 of the AD169 genome. The resulting signal was quantified on a densitometer.
Immunoprecipitation of viral proteins. Six-well dishes with 3 ϫ 10 5 HFFs per well were infected with RC2620.1 or with the parental strain, AD169, at an MOI of 5 PFU per cell. At 8, 24, 48, 72, 96, and 120 hpi, the medium was replaced with methionine-free DMEM supplemented with 10% NuSerum and 200 Ci of [ 35 S]methionine (Amersham) per ml. Infected monolayers were pulse-labeled under these conditions for 2 h, then washed with PBS, and lysed on ice in 700 l of lysis buffer containing 10 mM Tris (pH 7.4), 250 mM sucrose, 160 mM KCl, 0.5% Nonidet P-40 (NP-40), 1 mM phenylmethylsulfonyl fluoride, and 0.028 trypsin-inhibiting unit of aprotinin per ml. Cell lysates were preadsorbed for 1 h at 4ЊC with 30 l of a 50% suspension of protein A-Sepharose in 50 mM Tris (pH 7.4)-5 mM EDTA-0.5% NP-40-150 mM NaCl. Proteins were precipitated with 30 l of the protein A-Sepharose suspension and 1 l of a monoclonal antibody to IE1 and IE2 (hybrid 1203; Goodwin Institute for Cancer Research, Plantation, Fla.) (37) , to the UL44 gene product ICP36 (hybrid 1202) (27) , or to the UL57 gene product (hybrid 1209) (11) . The tubes were rocked overnight at 4ЊC. The protein A-Sepharose beads were washed three times in 50 mM Tris (pH 7.4)-5 mM EDTA-5% sucrose-1% NP-40-0.5 M NaCl and once in 50 mM Tris (pH 7.4)-150 mM NaCl-1% Triton X-100-0.1% SDS-1% sodium deoxycholate. Samples were boiled 5 min in 80 mM Tris (pH 6.8)-2% SDS-100 mM dithiothreitol-10% sucrose-0.004% bromophenol blue, and the proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (42) . Gels were fixed for 10 min in an aqueous solution containing 30% methanol with 10% acetic acid and equilibrated in an enhancement solution containing 1 M sodium salicylate and 5% glycerol. Gels were then dried and exposed to X-Omat AR film (Eastman Kodak, Rochester, N.Y.). 6 HFFs were infected with either AD169 or RC2620.1 at an MOI of 5 PFU per cell. We used [5- 3 H]uracil deoxyribonucleoside because the label would be lost if it was converted to thymidine by thymidylate synthetase (15, 16) . This approach specifically labels uracil in the viral DNA. The [5- 3 H]dUTP (Amersham) was dephosphorylated with 100 U of calf intestinal alkaline phosphatase (Boehringer Mannheim) in 1 ml of 100 mM Tris-Cl (pH 9.5)-100 mM NaCl-5 mM MgCl 2 for 2 h at 37ЊC. The alkaline phosphatase was inactivated by boiling for 15 min. The solution containing the nucleoside was added to the infected monolayers at 10 Ci/ml, in DMEM (see above), in the presence of 20 M unlabeled deoxyuridine (dUrd). Infected monolayers were labeled from 48 to 168 hpi. Virion DNA was prepared and quantified as described above and counted in a liquid scintillation counter. The percentage of uracil residues that had been substituted for thymidine residues in viral DNA was calculated by using the molecular weight of the viral genome and the specific activity of the [5- 3 H]dUTP.
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RESULTS
Structure of RC2620.
A recombinant virus with a deletion in UL114 was constructed by electroporating pON2620 into primary low-passage HFFs, superinfecting the cells with the wildtype (wt) virus, and isolating recombinants that were resistant to mycophenolic acid. The genomes of RC2620 and the parental virus are shown schematically in Fig. 1 . A 1.2-kb fragment containing the E. coli gpt gene under control of the Rous sarcoma virus long terminal repeat was used to replace 628 bp of CMV sequence. This insertion interrupted the UL114 open reading frame after 33 amino acids, deleting 210 of the remaining 217 amino acids, or 84% of the UDG gene. This deletion removed all regions of identity among the herpesvirus UDGs, including those required for catalytic activity (Fig. 1) (28, 44) . Fragments from a BamHI digest of DNA from RC2620.1, RC2620.2, and the parent virus (AD169) were hybridized with pON2620 to determine whether the structures of the recombinant viral genomes were as predicted and had been disrupted by the insert (Fig. 2A) . A 2,333-bp fragment present in AD169 was approximately 0.6 kb larger in both independent isolates of RC2620, while the adjacent 2,110-bp BamHI fragment remained unchanged. This novel 2.9-kb fragment also hybridized to a gpt probe from pON860, which confirmed the location of the insert to the predicted region of the viral genome (Fig. 2B) . Digests of the viral DNA with XhoI, which cut the gpt insert asymmetrically, confirmed that the orientation of the gpt insert was as expected ( Fig. 2A and B) . No differences in the restriction patterns of RC2620.1 or RC2620.1 compared with AD169 were observed outside this region, using four different restriction digests (data not shown). To determine whether UDG expression was abolished by the insert, lysates from HFFs infected with either AD169 or RC2620.1 were harvested at 24 hpi and precipitated with pooled sera from CMV-infected individuals. A protein with the same migration rate as the predicted 29-kDa UDG protein was expressed by the wt virus but not by RC2620.1 (Fig. 2C) . This result confirms that this open reading frame has been deleted. Since mutants lacking UL114 were isolated as a pure population, we conclude that the UDG is dispensable for replication of CMV in primary HFFs. 1 to 3) or XhoI (lanes 4 to 6) and separated on a 0.6% agarose gel prior to transfer to a nylon membrane. (A) The blot was hybridized with the 3.8-kb SalI fragment from pON2620 ( Fig. 1 ) that was labeled with 11-DIG-dUTP. Fragments that hybridized to the probe were visualized with an anti-DIG antibody conjugated to alkaline phosphatase and a chemiluminescent substrate for the enzyme. Replication kinetics of RC2620 in primary HFFs. During the isolation of RC2620.1 and RC2620.2, we observed that the recombinants formed plaques more slowly than the parental virus. Given the fact that these are independent isolates from separately transfected cultures, we ascribed this growth difference to the disruption of UL114. To test whether this phenotype was due to a defect in cell-to-cell spread or in replication, single-step replication kinetics of the UDG null mutants were examined in primary HFF cells. When titers of progeny virus from RC2620.1-and RC2620.2-infected cells were determined, it was found that plaques did not develop until 14 dpi, and so these infected monolayers were stained 4 days later than monolayers infected with the parental virus. Two key features of mutant virus replication were observed under high-MOI (5 PFU per cell) conditions (Fig. 3) . First, the replication of both RC2620.1 and RC2620.2 was delayed compared with that of the parental virus. This defect essentially doubled the singlestep growth cycle of the recombinants, suggesting that the absence of UDG significantly hinders the replication process. The delay in the temporal progression was the same in both independent isolates of RC2620, further suggesting that the phenotype was most likely the result of the UDG deletion. Second, eventually mutant virus-infected cells produced titers of progeny virus that were indistinguishable from titers produced in a wt infection. These results demonstrate that the replication kinetics of RC2620 are slowed and that the mutants are deficient in some important replication function.
Kinetics of DNA synthesis. To characterize the point of restriction in viral replication influenced by UDG, the kinetics of DNA synthesis were examined in primary HFFs at an MOI of 5 PFU per cell. The kinetics of both AD169 and RC2620.1 DNA synthesis are compared in Fig. 4 . With the wt virus, DNA synthesis was first detectable in total cell DNA at 48 hpi and proceeded exponentially until 7 dpi. In contrast, with RC2620.1, DNA levels did not increase until 4 dpi. Once DNA synthesis proceeded in RC2620.1, the rate of synthesis was indistinguishable from that observed in the wt virus. Both the wt virus and the mutant exhibited doubling times of approximately 14 h. These data suggest that UDG acts early in the replication cycle and that this enzyme functions prior to the elongation phase of DNA synthesis. Elongation appeared to be unaffected by the absence of the UL114 gene product, although it is formally possible that elongation could be affected exclusively at an early point in viral DNA synthesis.
Expression of representative ␣ and ␤ proteins. The restriction in the replication of RC2620 could take place at any point in viral replication prior to the onset of DNA elongation. To characterize the progression of RC2620.1 replication, [
35 S]methionine-labeled proteins from infected cell extracts were immunoprecipitated with monoclonal antibodies at various times postinfection, and the levels of representative ␣ and ␤ gene products were determined. Precipitation of the 491-amino-acid regulatory protein IE1 revealed that similar quantities of this protein were made in the mutant and the wt virus immediately after infection. This finding suggests that the viral DNA is transported to the nucleus and is transcribed with wt kinetics. Later in infection, AD169 expressed lower levels of IE1, which was consistent with the down-regulation of ␣ genes (26) (Fig.  5) . In contrast, RC2620.1 continued to produce high levels of IE1 late in infection, consistent with a prolonged replication cycle.
The levels of expression of a representative ␤ gene (UL57, ICP8, single-stranded DNA-binding protein) were also examined in infected cell extracts at 24 hpi. Similar levels of this protein were observed in cells infected with either the mutant VOL. 70, 1996 URACIL DNA GLYCOSYLASE AFFECTS CMV DNA SYNTHESIS 3021 or the wt virus (Fig. 6) . Levels of the DNA polymerase processivity factor (UL44, ICP36) were also examined in infected cell extracts. At 24 hpi, low but detectable levels of ICP36 were observed in both AD169-and RC2620.1-infected cells (Fig. 7) . This result was consistent with the previously described ␤-␥ regulation of ICP36 expression (12) . The UL44 promoter also has start sites that are regulated with ␥ kinetics, and levels of this protein increase following DNA synthesis (12) . While the expression of ICP36 in wt-infected cells increased after DNA synthesis commenced, in RC2620-infected cells, only low levels of ICP36 were observed even at 4 to 5 dpi, comparable to early times in wt infection. This observation confirmed our earlier observation that DNA synthesis was significantly delayed in the UDG null mutant. Taken together, these data suggest that replication is hindered by the absence of UDG activity and that the restriction occurs after expression of early proteins and before the elongation phase DNA synthesis. Quantity of uracil in viral DNA. One predicted phenotype of a UDG mutant was that viral DNA should contain more uracil residues. To measure the proportion of uracil in viral DNA, HFFs were infected at an MOI of 5 PFU per cell with either RC2620.1 or wt virus. Viral DNA was labeled with 10 Ci of H]uracil deoxyribonucleoside per ml from 48 to 168 hpi, and incorporation into viral DNA was measured. This approach specifically labels uracil residues because the label is lost if dUrd is converted to thymidine by thymidylate synthase. The UDG mutant retained almost threefold more uracil residues per nanogram of packaged DNA than did the wt virus, with 0.4% of the thymidine residues replaced by uracil (Table  1) .
Drug sensitivity. UDGs have extraordinary specificity and excise uracil from DNA without affecting uracil residues in RNA. The recent determination of the structure of the human and HSV-2 UDGs revealed the molecular basis for this high specificity (28, 44) . Synthetic uracil analogs such as 5-fluorouracil and 5-hydroxyuracil are also substrates for this enzyme (10, 20) . Uracil nucleoside analogs that are halogenated at the 5 position are also potent inhibitors of herpesvirus replication and inhibit viral replication by being incorporated into viral DNA and affecting transcription of viral genes (39) . The UDG in the wt virus should remove some of the halogenated uracil analogs from the viral DNA, thereby limiting the efficacy of these analogs, and a UDG mutant should be unable to repair the lesions and should be more sensitive to these analogs. A titer reduction assay was performed with both AD169 and RC2620.1 with 5-bromodeoxyuridine. As predicted, the UDG mutant was hypersensitive to this analog which again is consistent with reduction of UDG activity (Fig. 8) .
DISCUSSION
UL114 is likely to possess UDG activity because it exhibits a high degree of identity (39 to 41%) at the amino acid level to other known UDGs (major human UDG and UDGs of HSV-2, Saccharomyces cerevisiae, and E. coli), and the regions of high homology cluster around the active sites of the human and HSV-1 enzymes (28, 44). The mutant viruses described here exhibited phenotypes consistent with UL114 encoding the CMV UDG. Both independently isolated mutants had increased quantities of uracil in their DNA, and both were hypersensitive to 5-bromodeoxyuridine. These are predicted phenotypes of a UDG knockout. Somewhat surprisingly, and unlike the situation with HSV-1 and HSV-2, the UL114 open reading frame in CMV was required for the timely onset of viral DNA synthesis in tissue culture, and the loss of these sequences considerably hindered the replication of the virus.
Several lines of evidence demonstrate that UDG null mutants were unable to replicate with the same kinetics as the wt virus. [5- 3 H]dUrd was determined in a liquid scintillation counter, and the quantity of uracil residues incorporated into viral DNA was calculated.
RC2620 produced very small plaques that took twice as long to form as did those of the parental virus. This result was confirmed in single-step growth kinetic studies which demonstrated that the replication cycles of the UDG null mutants were essentially double that of the wt virus, which suggested that the mutation did not alter cell-to-cell spread. DNA synthesis was delayed in the mutants, and DNA accumulation started at 4 to 5 dpi, which was well past the time that DNA synthesis and progeny virus were first seen in a wt virus infection. One representative gene that requires DNA synthesis for optimal expression (UL44) was expressed much more slowly in RC2620, being delayed by approximately the same time as DNA replication. Taken together, these data demonstrate that the absence of UDG significantly affects the replication of CMV.
Initial events in the life cycle of UDG mutants proceed normally. The major immediate-early genes are expressed at wt levels, which indicates that the viral DNA is transported to the nucleus and transcribed with the same kinetics as the parental virus. Thus, a viral genome with a higher uracil content is not impeded from expressing its normal component of early genes from the viral genome. The ␣ regulatory gene products also appear to function normally, since two ␤ genes (UL44 and UL57) are expressed normally. Once the ␤ genes are expressed, the replication cycle of the mutant virus falters. Even though early gene products appear to be expressed normally, DNA synthesis does not proceed and progeny DNA does not accumulate. This period of apparent inactivity continues for approximately 3 days, at which time DNA replication and late gene expression commence. DNA synthesis in UDG mutants is delayed 2 to 3 days, but once it begins, it proceeds at the same rate as in the wt virus. This finding suggests that once viral DNA synthesis starts, the viral replication apparatus is unaffected by the absence of UDG. Late proteins also appear to be expressed normally after DNA synthesis has begun, and progeny virions are produced with the same efficiency and kinetics following the onset of DNA synthesis.
These results are distinct from results reported for UDG (UL2) mutants of HSV-1 (31, 40, 41) . These mutants grow normally in immortalized cell lines under high-and low-MOI conditions. One possible explanation for the differences in the phenotypes of the CMV and HSV-1 mutants is cell type. CMV is propagated and assayed in primary cells that have low levels of UDG because expression is tightly controlled by the cell cycle (50) . Results from HSV-1 mutants were obtained in cell lines that typically have greatly elevated levels of UDG and could potentially complement the defect in the HSV-1 recombinants. Although no one has evaluated HSV-1 UDG null mutants in primary cells, the replication may be predicted to resemble the compromised replication seen with CMV mutants. One observation that supports this notion comes from the failure of an HSV-1 UDG mutant to replicate normally in the mouse. In this model, replication of UDG mutants was reduced by 5 orders of magnitude in the central nervous system, where little or not host UDG activity is present (7, 21) .
The phenotype in CMV is also similar to that seen in the poxvirus family, in which UDG has been shown to be essential for viral DNA synthesis (25, 52) . More recent genetic studies have shown that it is actually UDG activity that is required in vaccinia virus and not another function of the UDG open reading frame (5a). The role that UDG plays in the replication of poxvirus DNA remains unclear, but it is possible that the mechanisms of defective DNA synthesis in poxviruses and delayed DNA synthesis in CMV are related. Poxvirus replication takes place entirely in the cytoplasm, where very little UDG activity resides. In contrast, CMV replication takes place in the nucleus, where most of the cellular UDG activity resides. These data suggest that CMV and poxviruses both require some UDG activity for replication, and the cell can complement the defect in a CMV because of its location in the nucleus. Complementation of a poxvirus mutant in this manner would be unlikely to occur because of the cytoplasmic site of replication, where little UDG activity is present. These data also suggest that mutations in the vaccinia virus UDG gene results in a defect in the very early stages of viral DNA replication (22, 25) , which is at the same stage in the viral replication cycle at which the CMV restriction occurs.
The recombinant viruses described here contain mutations that were designed to affect only the expression of UL114 and leave surrounding genes unaffected. It is formally possible that the adjacent transcriptional unit in the UL112-113 locus is somehow affected by the downstream mutation in UL114. We consider this possibility unlikely since the insertion in UL114 is downstream of the polyadenylation signals for UL112 and UL113. Furthermore, two independent isolates containing the UL114 mutation posses phenotypes that are similar to the phenotypes reported for UDG mutants in other virus species (25, 31, 40, 41, 52) . The formal assignment of these phenotypes to UL114 requires the restoration of this gene in a rescued virus.
It is unclear why UDG activity would be important in the replication and DNA synthesis of these viruses. At least 200 spontaneous deaminations occur within a mammalian cell every day (2) , and the rate is 4,000 times that frequency in single-stranded DNA (29) . Thus, deamination is a significant mutagenic force, particularly in replication forks. Nevertheless, it is difficult to imagine how the increased frequency of random substitutions of uracil for thymidine could have such a profound affect on replication of CMV. An increased uracil content will increase the mutation rate and eventually will compromise the replication of a UDG mutant as deleterious mutations accumulate, but it is unlikely that this is responsible for the delay in DNA synthesis. Furthermore, it is also unlikely that an elevated uracil content in the virion DNA affects the polymerase, since DNA polymerases generally are not significantly affected by uracil residues in DNA (53) .
We propose that the UDG is important for the replication of CMV and that it acts at a very early stage in viral DNA synthesis. This hypothesis is strengthened by reports that one VOL. 70, 1996 URACIL DNA GLYCOSYLASE AFFECTS CMV DNA SYNTHESIS 3023 mammalian UDG is a major single-stranded DNA-binding protein (58) that destabilizes DNA helices and affects the activity of the DNA polymerase ␣-primase complex (9) . Furthermore, it is possible that UDG activity is strictly required for viral DNA synthesis and that the cellular UDG activity in the nucleus can complement the defect, albeit inefficiently. Continued studies with this virus should reveal the role that UDG plays in the viral life cycle and may lead to a better understanding of the initiation of viral DNA synthesis.
